The optic nerve (ON) plays a crucial role in human vision transporting all visual information from the retina to the brain for higher order processing. There are many diseases that affect the ON structure such as optic neuritis, anterior ischemic optic neuropathy and multiple sclerosis. Because the ON is the sole pathway for visual information from the retina to areas of higher level processing, measures of ON damage have been shown to correlate well with visual deficits. Increased intracranial pressure has been shown to correlate with the size of the cerebrospinal fluid (CSF) surrounding the ON. These measures are generally taken at an arbitrary point along the nerve and do not account for changes along the length of the ON. We propose a high contrast and high-resolution 3-D acquired isotropic imaging sequence optimized for ON imaging. We have acquired scan-rescan data using the optimized sequence and a current standard of care protocol for 10 subjects. We show that this sequence has superior contrast-to-noise ratio to the current standard of care while achieving a factor of 11 higher resolution. We apply a previously published automatic pipeline to segment the ON and CSF sheath and measure the size of each individually. We show that these measures of ON size have lower shortterm reproducibility than the population variance and the variability along the length of the nerve. We find that the proposed imaging protocol is (1) useful in detecting population differences and local changes and (2) a promising tool for investigating biomarkers related to structural changes of the ON.
INTRODUCTION
The human optic nerve (ON) is one of the most challenging structures to image accurately due to the fact that this is a small structure, constantly in motion, surrounded by fatty tissue and adjacent to the maxillary sinuses. However, the ON is integral to visual performance and is clinically indicated in a number of diseases, most notably, multiple sclerosis (MS) [1] , but also in several forms of optic neuropathy [2, 3] . Optic neuritis is closely linked with MS, 25% of optic neuritis events eventually develop into MS [4] . Despite this, there is no radiological biomarker of the ON that predicts eventual development of MS. The ON is surrounded by a sheath of cerebrospinal fluid (CSF). The size of this CSF sheath has been shown to correlate with intracranial pressure which, in conjunction with a plethora of diseases, may be associated with increased mortality and less favorable neurological outcomes [5] . These measurements of optic nerve size are often taken at arbitrary points along the length of the ON and they are not investigated as local changes along the length of the nerve due to a lack of contrast. While important, the ON's size, surrounding fat, position proximal to the maxillary sinuses and mobility combine to make the ON a hostile structure to image with conventional (or advanced) MRI [6] . The ON is typically less than 6mm in diameter; while clinical sequences typically have acceptable resolution (0.6-0.8mm) in-plane, the through-plane resolution is suboptimal (>2mm), which makes characterizing the shape of the ON very difficult. The location of the ON presents challenges in that the surrounding fatty tissue needs to be suppressed to accurately visualize the ON and CSF sheath. Traditional fat suppression techniques can often be insufficient in suppressing olefinic orbital fat [7] . The proximity of the ON to the maxillary sinuses creates magnetic susceptibility distortions which must also be accounted for when designing a sequence to image the ON. The ON's mobility also presents challenges for imaging as subjects make saccadic eye movements during acquisition. These small and fast eye movements subsequently move the ON. Fixation has been used to minimize these effects but does not eliminate eye motion completely and imposes acquisition time constraints. Conventional MR methods for the optic nerve (T1-weighted and T2-weighted) often do not provide contrast between the surrounding CSF and the optic nerve structure (Fig 1A-B) [8] . We developed an alternative MR method, taking advantage of clinical hardware, that can provide excellent resolution, high contrast between optic nerve and surrounding tissues, and offer a method from which advanced morphometrics for identifying biomarkers can be derived.
METHODOLOGY Sequence Design
We developed and optimized a high-resolution 3-D isotropic turbo spin echo (TSE) with asymmetric k-space sampling (VISTA) with parameters empirically optimized for ON-CSF contrast. This sequence addresses the size of the ON by having sufficiently high resolution in all three planes (≤0.6mm isotropic) and allows for accurate characterization of the ON and CSF. The use of a TSE sequence is chosen due to its inherent robustness to B 0 inhomogeneities from continuous refocusing which mitigates the effects of magnetic susceptibility caused by the bone-air interface of the maxillary sinuses. Asymmetrically sampling k-space blurs any ON motion across k-space. The result is a sequence which accurately captures variations in the hostile imaging environment of the ON. This sequence is also optimized for CSF-ON contrast as well as CSF-Fat contrast. We use a SPIR fat suppression technique to minimize fat signal and maximize CSF-Fat contrast. We utilize an extended echo train which leads to a long effective TE and provides good signal in the CSF while suppressing signal within the ON and any remaining fat signal, such as olefinic fat, that has not already been suppressed with the SPIR.
Data Acquisition
10 healthy subjects age 24 to 36 years (average: 28.25, median: 27 years, 6 male/4 female) were enrolled in the imaging study. Imaging was acquired on a 3T Philips Achieva (Philips Medical Systems, Best, The Netherlands) with a 2-channel body coil for transmission and an 8 channel head coil for reception for all sequences. After tri-planar localization, we acquired the all volumes in the axial plane. The VISTA sequence parameters were: 3D TSE TR = , fat suppression=SPIR and total scan time = 2:48. Subjects were scanned with a baseline scan and again within 30 days of the original scan for short-term reproducibility. Inter-scan time was from 4 to 29 days (average: 19.4 days, median: 23 days). Figure 1 shows the clinical standard of care T1W image (A), T2W image (B) and our optimized imaging method (C). Note the increased contrast between the CSF and ON in our optimized imaging as compared to the standard of care T2W image. The T1W image shows no contrast between CSF and ON, only the ON-Fat boundary is visible.
Data Analysis: Contrast-to-Noise Ratio
To quantitatively compare the three sequences, contrast-to-noise ratio (CNR) was investigated for each of the three sequences for CSF-ON contrast and CSF-Fat contrast. Note that since the CSF-ON boundary is not visible on the T1W images (see Fig. 1a ), this comparison was only made for the clinical T2W sequence and our VISTA sequence. CNR is defined as:
where is the mean the signal from tissue , is the mean signal from tissue and is the image noise. Regions of interest (ROIs) were drawn on each scan (T1W, T2W and VISTA) for each of the 10 subjects for both the baseline and short term follow up scans. An ROI was drawn in a homogenous area of white matter in the temporal lobe, and the standard deviation of intensity values within this ROI was taken as an estimate of image noise ( ). ROIs were then drawn such that they encompassed as many pure voxels of each of ON, CSF and orbital fat from a medial ON slice. The mean voxel intensity of each of these ROIs was then taken as the mean signal from that tissue.
Data Analysis: ON Structural Reproducibility
Our segmentation begins with a previously described multi-atlas segmentation method [9] , which automatically segments the orbits, optic chiasm and ON. This method uses 35 manually labeled atlas images, which include both healthy controls as well as ON drusen and MS patients. The target image to be segmented is registered to each of the 35 atlas images using an affine registration and non-rigid registration [10] . The manual labels of the atlas images are then transformed to the target space using these registrations and are fused using non-local spatial STAPLE [11, 12] . The segmentation of the ON includes both the ON and CSF sheath and so we must refine our segmentation to separate the two structures and measure them independently. We utilize a previously described model [13] which can be seen in Equation (2) to fit the ON and CSF sheath in the coronal plane and extract the radii of both. The model is a difference of two Gaussian distributions which matches the intensity profile of the ON in the coronal plane. The second Gaussian is scaled by an exponential term and has a scaling factor on the covariance matrix in the range (0,1) such that the second Gaussian is always smaller than the first Gaussian. The covariance matrix is formulated with the correlation term as a sigmoid function to improve stability later on, during the optimization process.
We define the error as the sum of squared difference between the model and the image, which can be seen in Equation (6) . The derivative can be seen in Equation (7) where the last term is the partial derivative with respect to each of the eight model parameters. These partial derivatives are computed analytically and can be seen in Equations (8)(9)(10)(11)(12) (13) . Note that the derivatives for σ and are omitted as they are a direct substitutions into equations (8) and (11), respectively. In summary, the complete model is composed of eight terms:
= σ , σ , σ , , , , , . We then fit the model to the ON in the coronal plane using an iterative conjugate gradient descent optimization method on all eight parameters [14] .
The model parameters are correlated with the radii of the ON and CSF sheath through a random forest regression [15] using 1.2 million synthetic training images. Six of the eight model parameters are used for the regression, the centroids are omitted as they are dependent solely on field of view. These training images were generated by simulating partial volume effects of imaging two concentric tubular structures with 0.6 mm isotropic voxels using a Monte Carlo simulation. This model is then tilted at varying angles relative to the imaging plane and the size of each of the concentric tubes is varied to generate the training set. The regression is validated using tenfold cross validation which shows the predicted radii to correlate with the true underlying radii with an explanatory R-squared greater than 0.95 for both ON and sheath radii.
The shape of the ON often results in a variable number of coronal slices between individuals. For population comparison each ON was interpolated to be the same length as the longest ON in the population, we refer to this as posterior normalized slice. A three-element moving window median filter is also applied across slices to reduce noise in the measurements. Figure 2 shows the results of the CNR analysis for the CSF-Fat contrast (left) and the ON-CSF contrast (right). We can see that the T1W sequence has significantly higher CNR for the CSF-Fat boundary than the T2W or VISTA sequences (Wilcoxon rank-sum test; p<0.01). The T2W and VISTA both have similar but sufficient CNR to distinguish CSF and orbital fat, due to the SPIR fat suppression. The ON-CSF boundary is indistinguishable in the T1W imaging and is therefore excluded from comparison. The VISTA sequence has significantly superior CNR to the clinical T2W sequence (Wilcoxon rank-sum test; p<0.01). The Rose criterion states that if the CNR is below 3-5, two structures become difficult to distinguish [16] . These results suggest the ON-CSF contrast is often difficult to distinguish on clinical T2W while the proposed VISTA CNR is well above this criterion.
RESULTS
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The radius of the ON (lower line) and CSF sheath (upper line) can be seen in Figure 3 for 8 subjects in scan 1 (blue) and 8 subjects in scan 2 (red). Two scans, from two separate subjects, were segmentation failures and are excluded, along with the corresponding rescan, from this analysis. The error bars are standard deviation and illustrate the population variability. The lower line is the radius of the ON along the length of the nerve and the upper line is the radius of the CSF sheath along the nerve. Note the labels indicating which direction is proximal to the globes and optic chiasm. The computed reproducibility (green) shows the standard deviation of the difference of each scan-rescan measurement divided by √2. This factor is divided out to account for the summation of two random variables. These error bars are plotted on the overall mean distribution for comparison. We here note that the computed reproducibility is less than the population variability and the variability along the length of the nerve. This data supports that this tool is useful in detecting local population differences. We have demonstrated the superiority of our proposed VISTA sequence in characterizing the ON and in generating contrast between ON and CSF. This sequence has ON-CSF CNR that is consistently above the Rose criterion and therefore more consistent in accurately visualizing the ON as compared to a current clinical standard of care with 11.1 fold higher volumetric resolution than the clinical sequence. This high contrast in conjunction with the isotropic high resolution of this sequence allows for characterization of the size and shape of the ON along the length of the ON, which was previously not possible. The improved imaging facilitates automated processing and algorithm development.
We have also applied a fully automated pipeline to measure the radius of the ON and CSF sheath along the length of the nerve. We have demonstrated that this pipeline is sufficiently accurate to detect local population changes in both ON and CSF sheath size. The results are consistent with previous results that population variability should not vary across individuals based on age or sex [17] . Previously ON biomarkers have been investigated using manual or semi-automated methods which measured the ON at arbitrary points along the ON [5, 18, 19] . This proposed pipeline could be applied to disease populations to identify relevant disease biomarkers for disease onset. By measuring along the entire length of the nerve, we can identify meaningful areas of local changes which can lead to a more informed characterization of the ON by the clinical community.
All tools used and developed in this work are available in open source from their respective authors. The tools that implement the ON specific components of analysis are based on the Java Image Science Toolkit (JIST) [20] and NonLocal STAPLE [12] . The ON-CSF measurement code is primarily written in MATLAB (The MathWorks, Inc., Natick, Massachusetts, United States) and bundled into an automated program (i.e., "spider" [21] ) that combines these tools using PyXNAT [22] for XNAT [23] and is available through the NITRC project MASIMATLAB (http://www.nitrc.org/projects/masimatlab).
